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Abstract
This paper presents a numerical model for understanding particle transport
and deposition in metal foam heat exchangers. Two-dimensional steady and
unsteady numerical simulations of a standard single row metal foam-wrapped
tube bundle are performed for different particle size distributions, i.e. uni-
form and normal distributions. Effects of different particle sizes and fluid
inlet velocities on the overall particle transport inside and outside the foam
layer are also investigated. It was noted that the simplification made in the
previously-published numerical works in the literature, e.g. uniform particle
deposition in the foam, is not necessarily accurate at least for the cases con-
sidered here. The results highlight the preferential particle deposition areas
both along the tube walls and inside the foam using a developed particle
deposition likelihood matrix. This likelihood matrix is developed based on
three criteria being particle local velocity, time spent in the foam, and volume
fraction. It was noted that the particles tend to deposit near both front and
rear stagnation points. The former is explained by the higher momentum
and direct exposure of the particles to the foam while the latter only accom-
modate small particles which can be entrained in the recirculation region
formed behind the foam-wrapped tubes.
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Nomenclature
A tube heat transfer area [m2]
asf interfacial area density [m
−1]
cF form drag coefficient [-]
Cp specific air heat capacity [J.kg
−1.K−1]
df mean foam fiber diameter [m]
dp mean pore diameter [m]
dP mean pressure drop through the channel [Pa]
G shape factor [-]
Xt transversal tube pitch [mm]
ks aluminium thermal conductivity [W.m
−1.K−1]
K permeability [m2]
LTMD Logarithm Mean Temperature Difference [K]
m wall line coordinate; see Fig. 2 [-]
m˙ air mass flow rate [kg.s−1]
N number of numerical particles [-]
P pressure [Pa]
PPI Pore Per Inch [m−1]
Q˙ total heat [W]
Rp Tube+Foam radius [m]
Rs Tube radius [m]
Rth thermal resistance [m
2.K.W−1]
T temperature [K]
U velocity [m.s−1]
ux axial component of the velocity [m.s
−1]
x axial direction [-]
Greek symbols
 porosity [-]
µeff effective dynamic viscosity of the porous medium [kg.m
−1.s−1]
µf dynamic viscosity of the main fluid flow [kg.m
−1.s−1]
φ soot particle diameter [µm]
φmean mean soot particle diameter [µm]
ρ density [kg.m−3]
σ standard deviation in normal particle-size distribution [µm]
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Subscripts
∞ inlet
o outlet
w tube wall
1. Introduction
Increasing the electricity production while reducing the carbon emissions
is a priority for many countries. Australia has a high-potential to produce
geothermal power thanks to hot rocks reaching 300 degrees Celsius at ap-
proximately 5km under the surface [1]. However, these resources are mainly
located in isolated arid areas. In such places, water is rare and precious
and wet cooling systems are not the most appropriate solutions. Instead,
air-cooled heat exchangers appear a more suitable choice [2, 3]. For such
geothermal power plants, the use of binary cycle with a very low thermal
efficiency around 10% [4] requires high heat transfer rates. Hence, it is vital
to make the technology highly efficient.
For many thermal applications such as air conditioning or refrigeration,
finned-tube bundles heat exchangers have been used and studied for many
years [5]. Fins are added to the tubes in order to improve the heat trans-
fer thanks to a surface area increase. New developments further improved
the efficiency of heat exchangers by replacing the fins by metal foams [6].
It has been recently suggested to replace fins by metal foams in air-cooled
heat exchangers for geothermal applications [7]. Metal foams are fibrous ma-
terials which are becoming increasingly popular thanks to their attractive
thermophysical properties such as high surface-to-volume ratio, low density,
thermal and corrosion resistance and high mechanical strength and rigidity
[8, 9]. Initial preliminary numerical investigations performed by Odabaee
and Hooman [10] on a four-row tube bundle in cross-flow showed that metal
foam heat exchangers improve the heat transfer performance compared to
conventional finned-tube heat exchangers at the expense of a slightly higher
pressure drop. Heat transfer is enhanced by increasing the turbulence and
mixing and dispersion induced by the ligaments of the foam as well as by
high heat conductivity through the metallic ligaments. These properties lead
to smaller, lighter and more efficient heat exchangers which become more at-
tractive than conventional heat exchangers [10–12]. Finally, the reduction in
production cost also makes them more and more competitive.
However, one of the challenges faced by this enhancement technique is the
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fouling caused by the deposition of particles inside the pores of the metal
foam. As outined by and McGowan and Clark [13], Lake Eyre in Australia is
the most active dust source in the Southern Hemisphere. Thus, it has a high
potential of affecting the regional geothermal power plants due to dust trans-
port that can go as far as the Philippines. The dust deposition reduces the
heat transfer rate between the flow and the metallic ligaments. The pores can
be blocked causing an increase in the air-side pressure drop. In addition, in
the case of metal dust, corrosion may have catastrophic consequences on the
foam lifetime [14]. As noticed by Young et al. [14], the mechanisms of metal
dusting is still not well understood and numerical simulations will become
an increasingly useful tool to better understand this complex phenomenon.
All this affects negatively the efficiency of the heat exchanger and can even
damage the metal foam structure. Also, as underlined by Odabaee et al. [12],
this issue has not been extensively studied in the current literature and needs
further investigation especially numerical models capable of predicting the
dust deposition and its effects on the heat exchanger performance.
Hooman et al. [15] theoretically investigated the impact of particle deposi-
tion on metal foam exchangers. Their findings outline the high pressure drop
that can be reached due to blocked pores and the negative effect of parti-
cle deposition especially with high velocity flows. However, they assume a
uniform layer distribution of dust on the foam surfaces, then noticing the im-
portance of the challenges to accurately model such complex configurations.
In another study, Odabaee et al. [12] numerically simulated the effects of
particle deposition in a single-row metal foam-wrapped tube bundle. They
compared cases with different deposition distributions to the clean metal
foams. However, the dust layer is assumed to be uniform with no particle
modelling and the foam is considered as a simple porous medium.
In order to extend the understanding of fouling in metal foam heat exchang-
ers, this paper looks at the particle transport in a single-row foam-wrapped
tube bundle and gives insights on the preferential particle deposition areas
both inside the foam and on the tube walls. The effect of the particle sizes
distribution on preferential particle deposition areas is discussed under both
steady and transient conditions.
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Figure 1: Computational domain and boundary conditions of a single-row
tube bundle wrapped with aluminium foam.
Figure 2: Wall line coordinate m along the tube wall.
2. Numerical Modelling
2.1. Computational domain and boundary conditions
The computational domain is presented in Figure 1 and the wall line
coordinate is defined in Figure 2, while the dimensions and aluminium foam
properties are provided in Table 1.
Table 1: Geometry dimensions and aluminium foam properties
Rp 0.01 [m]
Rs 0.006 [m]
Xt 0.028 [m]
 0.913 [-]
K 1× 10−7, 2.5× 10−7, 5.3× 10−7, 7.5× 10−7 [m2]
PPI 5, 10, 20, 30, 40, 50 [-]
The boundary conditions for the simulations are listed in Table 2. The
top, bottom and side surfaces of the domain are set to symmetry. The
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temperature of the tube wall is fixed. At the inlet, a uniform axial velocity is
specified while the static pressure at the outlet is set equal to the atmospheric
pressure. The standard k-model with scalable wall function is used to model
the continuous phase.
Table 2: Boundary Conditions
T∞ 298 [K]
Tw 353, 450 [K]
U∞ 1, 3, 5, 7 [m.s−1]
ks 237 [W.m
−1.K−1]
asf 779, 966, 1158, 1369, 1660, 2100 [m
−1]
Po 101315 [Pa]
2.2. Metal Foam Modeling
A classical approach [10, 12] is to model the foam as a homogeneous and
isotropic porous medium for which the experimental permeability and poros-
ity are set (Table 1).
Because of the complexity of the real foam geometry, the ligaments are not
modeled inside the porous medium. However, the aluminum properties of
the ligaments are taken into account through an interfacial area density cal-
culated from Calmidi and Mahajan [11]:
asf =
3pidfG
(0.59dp)2
, G = 1− e− 1−0.04 (1)
where G is a shape factor which takes into account the variation of the
ligament cross-section with the porosity. The fiber diameter df was related
to PPI by Hooman et al. [15] while the pore diameter dp is obtained from
Battacharya et al. [16]:
df =
0.431− 0.0049PPI + 2.43
PPI2
1000
(2)
dp =
dfG
1.18
√
3pi
1−  (3)
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df in Equation 2 is measured in meters and obtained by curve-fitting the
experimental data with PPI measured as 1/inch. It has also been used in
[15] and is found to be accurate within 9% of the experimental data.
ANSYS-CFX is used to perform the simulations using the Navier-Stokes
equations as presented in Equation 4.
∂(ρU)
∂t
+∇.(ρU ⊗ U) = −∇P +∇.τ + SM .F (4)
where τ is the stress tensor and SM the momentum sources with F=1 in the
foam and F=0 outside.
In the isotropic porous domain, the momentum loss included in the mo-
mentum source for the axial direction is expressed using the Hazen-Dupuit-
Darcy law (Equation 5) as a function of the permeability and the loss coef-
ficients.
SM,x =
µeff
K
ux + cF
ρ√
K
|U |ux (5)
where µeff is the effective viscosity of the porous medium. As mentioned
by Givler and Altobelli [17] and later by Phanikumar and Mahajan [18], the
effective viscosity is not yet well-established in the literature. In this study,
the effective viscosity is equal to the main fluid flow viscosity (µeff = µf =
1.831× 10−5 kg.m−1.s−1) as suggested by Phanikumar and Mahajan [18].
2.3. Particles Model
An Eulerian-Lagrangian approach is chosen in which the particle trans-
port is modeled with a Lagrangian particle tracking method. The particulate
phase is assumed to have negligible effects on the continuous phase thanks
to a low volume fraction of particles entering the computational domain. As
a consequence, a one-way coupling between the two phases is used so the
continuous phase can influence the particles’ trajectories but the particles
have no impact on the flow pattern.
The particles injected at the inlet of the domain have the same velocity as
the continuous flow. This is set through a zero slip velocity condition applied
between the two phases.
Soot particles are considered in our study with a density of ρ=2000kg.m−3.
5000 numerical particles are introduced leading to results which are inde-
pendent of the number of numerical particles. Indeed, the average volume
fraction of particles along the tube wall and the deposition rate are similar
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when the number of particles is increased to 7500 as shown in Figure 3, while
the difference is slightly more important when the number of particles is re-
duced from 5000 to 2500 particles.
Two sets of particles were defined, one to represent the particles sticking at
the walls (sticky) and the other for the particles which will rebound from the
wall contact (rebound). With the former, once the particles have reached,
it has to deposit on the surface. It will then be removed from the com-
putational domain and is replaced by the equivalent volume fraction of the
continuous phase. The rebound of particles is defined through the parallel
and perpendicular restitution coefficients, cParallel and cPerpendicular respec-
tively (Equation 6).
UParallel2 = cParallel.UParallel1
UPerpendicular2 = cPerpendicular.UPerpendicular1
(6)
For elastic collision, the coefficients are set to 1 while for inelastic collision,
they are set to 0. In this study, the perpendicular and parallel coefficients
are respectively set to 0.7 and 1 which is almost always the case [19].
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Figure 3: Left: Average volume fraction of particles, Right: Particles de-
position rate along the wall line coordinate as defined in Figure 2 for three
numbers of particles at U∞ = 3m.s−1
Measurements of particle-sizes distributions of dust between 5µm and
125µm in central semi-arid New South Wales, Australia were reported by
Cattle et al. [20]. Based on these values, different particle-sizes distributions,
listed in table 3, have been tested in this study. The mean diameter refers
to the central diameter value of the random variable (the particle diameter
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in this case) characterized by a normal distribution. Thus, for the set of
particles, we have a larger number of particles with a diameter close to the
mean value. The impact of the particle sizes on deposition in the metal foam
is presented below in § 3.5 and § 3.8.
Table 3: Particle size distributions
Distribution Constant Diameter Normal Distribution
in Diameter by Mass
φ[µm] 5, 10, 20
30, 50, 100
φmin[µm] 5
φmax[µm] 100
φmean[µm] 10, 50
σ[µm] 5
3. Results and discussions
3.1. Grid convergence study
A grid convergence study was performed using three levels of grids’ re-
finements. No significant variations of the pressure drop were observed, as
shown in Table 4.
Table 4: Grid refinement convergence at U∞=3m.s−1
Grid Total Number of Nodes dP [Pa]
Grid A 67376 30.65
Grid B 86728 30.66
Grid C 124731 30.66
The selected grid (grid B) with a total of 86728 nodes was used for all
our simulations. The grid was refined both at the tube walls and around the
porous-fluid interface with a growth rate of 1.3 as shown in Figure 4.
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Figure 4: Computaional Grid
3.2. Pressure drop
For validation of our computational model, the numerically-computed
pressure drop across the computational domain is compared to those mea-
sured experimentally by T’Joen et al. [9] in Figure 5 for different inlet ve-
locities. The simulations are in good agreement with the experiments.
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Figure 5: Comparison of experimental and numerical pressure drop along
the channel versus the inlet axial velocity
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3.3. Thermal Resistance
Furthermore, the thermal resistance was calculated based on the CFD
results from the following relation:
Rth = A
LTMD
Q˙
(7)
LTMD =
−To + T∞
ln[T∞−Tw
To−Tw ]
(8)
Q˙ = m˙CpdT ; dT = To − T∞ (9)
and is compared against the experimental data [9]. Good agreement is
observed in Figure 6.
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Figure 6: Evolution of the thermal resistance with the inlet axial velocity
The difference between the numerical results and those of the experiments
can be attributed to the relatively high contribution of the water side to the
overall heat transfer resistance which is not accounted for in the present sim-
ulations. This effect is even more pronounced, as one would expect, for the
lower velocities (Figure 6) where the water side thermal resistance is not neg-
ligible compared to that of air side. The water-side resistance has not been
considered in our numerical simulation, hence a constant and uniform wall
temperature was applied on the tube wall, thereby leading to lower numer-
ical predictions of the thermal resistance. At higher velocities, the effect is
reduced and the simulations are in better agreement with the experiments.
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Besides, no wall contact resistance has been imposed at the tube wall in the
simulations while experimentally T’Joen et al. [9] show that around 20-34% of
the overall heat transfer resistance comes from the contact resistance. This,
in own, is close to the discrepancy we observed at the lower velocities.
3.4. Heat Transfer
Figure 7: Deposition rates along the wall line coordinate at different wall
temperatures for (Left) φ = 10µm and (Right) φ = 50µm (U=3m.s−1)
As recently observed numerically by Nagendra et al. [21], the regions of
higher heat transfer correspond to the zones of preferential particle deposi-
tion. In our case, this is also observed. This phenomenon can be observed
experimentally or modelled numerically [22]. However, in our work we have
not modelled particle deposition due to thermophoresis and changes in de-
position rate along the surface which will be important for smaller particles.
Figure 7 shows the deposition rates along the wall line coordinate as defined
in Figure 2 for 10-µm and 50-µm particles at two different wall tempera-
tures (Tw = 353K and Tw = 450K). We can note that the effect of the wall
temperature on the deposition rate is negligible for both particle sizes.
Having said that, we tend to believe the reason for locally different deposi-
tion rates is merely linked to hydrodynamic aspects of the flow. For instance,
figure 8 presents the wall heat transfer coefficient where the heat transfer is
higher at the stagnation point (tube front). This higher heat transfer coin-
cides with a higher deposition rate of particles as shown in Figure 10 where
a significant particles deposition rate is observed at the front of the tube.
This can be best explained by the higher fluid flow velocity in those regions
leading to higher heat transfer and, at the same time, a more likelihood for
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particles to travel with high speed flow. Comparing Figures 11, 9 and 10,
one verifies that this observation is true, regardless of the particle size. This
will be further discussed in the forthcoming discussion.
Figure 8: transfer coefficient at the tube wall, U=3m.s−1
3.5. Particle size distribution effects on the preferential deposition areas
Different particle distributions have been tested: six constant diameters
and two normal distributions in diameter by mass centered around a mean
diameter of φmean = 10µm and φmean = 50µm (Table 3). For the constant
diameters, all the particles have the same size and so the same mass and
volume fraction. For the normal distributions, the total mass of the particles
is equally split between the specified normal distribution of particle diame-
ters. This results in a larger number of particles close to the mean specified
diameter. This is mainly because many more small particles are required to
balance the mass of a few larger particles. Also, a higher number of small
numerical particles for the smallest diameters mean a higher number of real
particles. However, even with a higher number of small particles, the sta-
tistical accuracy for the small particles is less than for the bigger particles
because less real particles are represented by one numerical particle.
The effect of the particle size is investigated through steady state simulations
with our focus on the preferential deposition areas.
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(a) φ = 5µm (b) φ = 10µm
(c) φ = 20µm (d) φ = 30µm
(e) φ = 50µm (f) φ = 100µm
(g) Normal Distribution, φmean =
10µm
(h) Normal Distribution, φmean =
50µm
Figure 9: Average volume fraction of particles for different constant particle
sizes distributions at U∞ = 3m.s−1, flow direction from left to right
Figure 9 shows the averaged volume fraction of particles for all the particle
size distributions. At constant particle diameter, the particle volume fraction
increases with the particles diameter. Except for the smallest diameter (φ =
5µm), the particles concentration is higher at the front of the tube than
at the rear leading to a preferential deposition area at the front as shown
in Figure 10 where the deposition rate is plotted on the tube wall for the
different particle diameters considered here. Because of the symmetry of the
geometry only half of the tube is presented.
A relatively large zone of recirculation is present at the rear of the tube as
shown in Figure 11. In this region, the backward velocity is much smaller
(−0.6m.s−1) than the main jet velocity (around 10m.s−1 of bundle velocity),
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enough to carry the smallest particles to the rear wall but not the larger ones.
The temperature is also higher closer to the rear stagnation point compared
to the tube front as shown in Figure 11. This explains the highest heat
transfer coefficient at the front (Figure 8).
The normal distributions of particles (Figures 9g and 9h) also show that for
the the distribution centered around the smallest diameter, a larger volume
fraction of particles appear at the rear of the tube because of the entrainment
of the smaller and so lighter particles through the recirculation zone. One can
note that the particles volume fraction for the normal distribution centered
around φmean = 10µm is fairly similar to the constant diameter φ = 10µm.
However, this is not the case for φ = 50µm. Using a normal distribution of
particles centered at a higher mean diameter tends to keep entrained all the
particles together through the main jet.
The deposition rate for the normal distribution centered around φmean =
10µm (Figure 10g) is similar to a constant diameter that can lay between
φ = 5µm and φ = 10µm while for the normal distribution centered around
φmean = 50µm presented Figure 10h, the deposition rate is identical to a
constant particle diameter laying between φ = 50µm and φ = 100µm.
3.6. Influence of permeability
Four different permeabilities have been tested, K1 = 10
−7m2, K2 = 2.5×
10−7m2, K3 = 5.3× 10−7m2 and K4 = 7.5× 10−7m2 affecting the coefficients
in the momentum source terms as described in equation (5). The evolution
of the pressure drop with the permeability is plotted in Figure 12, showing
as expected, a nearly inverse-linear pressure drop-permeability relationship.
The pressure fields for the lowest and highest permeability are presented
in Figure 13. As particle removal is expected to increase with shear stress
thus high pressure region corresponds to high particle removal. As seen in
Figure 13, the high pressure regions are located before the tube wall. When
looking inside the foam it is clear that the pressure is much higher at the
front than at the rear. Thus the particle removal is expected to be lower at
the rear of the tube.
The particles velocities and travelling times are reported in Figures 14
and 15 respectively for the lowest and highest permeability. As expected,
we can note that the lower the permeability the lower the velocity in the
foam. This is especially relevant at the back of the tube where the region
of really low velocities is increased. In addition, the travelling time of the
particles decreases with the increase of the permeability. This leads to a
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(a) φ = 5µm (b) φ = 10µm
(c) φ = 20µm (d) φ = 30µm
(e) φ = 50µm (f) φ = 100µm
(g) Normal distribution, φmean =
10µm
(h) Normal distribution, φmean =
50µm
Figure 10: Evolution of particle depostion rate with different particle sizes
distributions at U∞ = 3m.s−1, flow direction from left to right
higher likelihood of deposition at the rear of the tube for lower permeabilities.
The region of deposition is also extended compared to higher permeabilities
with an increase of approximately 50%, reaching a quater of the foam at the
rear of the tube.
3.7. Influence of PPI
In order to evaluate the effects of the number of pores per unit length
(PPI), six different PPI values (PPI=5, 10, 20, 30, 40 and 50) were simulated
and the interfacial area density asf was modified accordingly following equa-
tions (1), (2) and (3). The heat transfer coefficient is plotted along the wall
line coordinatem for each PPI values in Figure 16. We can note a continuous
decrease of the heat transfer coefficient with the increase of the PPI. This
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(a) Non-dimensional temperature (b) Axial velocity
(c) Non-dimensional tempera-
ture profile in the metal foam
(d) Axial velocity profile in the
metal foam
Figure 11: Non-dimensional temperature T−T∞
Tw−T∞ and axial velocity distribu-
tions at U∞ = 3m.s−1, flow direction from left to right
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Figure 12: Evolution of the pressure drop with the permeability (U=3m.s−1)
decrease is more pronounced at the front of the tube.
3.8. Unsteady Simulations
The particle deposition is intrinsically an unsteady phenomenon as the
particles can deposit and then be re-entrained due to the impact of others
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Figure 13: Pressure field for (left) K1 = 10
−7m2 and (right) K1 = 7.5 ×
10−7m2 at U=3m.s−1
Figure 14: Particle streamlines coloured by the particles velocity for
10µm-size particles (left) K1 = 10
−7m2 and (right) K1 = 7.5 × 10−7m2
at U=3m.s−1
Figure 15: Particle streamlines coloured by the particle travelling time for
10µm-size particles (left) K1 = 10
−7m2 and (right) K1 = 7.5 × 10−7m2 at
U=3m.s−1
particles for example. As such, on top of the steady results presented so far
a number of unsteady simulations have been carried out for the standard
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Figure 16: Evolution of the heat transfer coefficient at the tube wall for
different PPI (U=3m.s−1)
case: U∞ = 3m.s−1 with two constant particle diameters: φ = 10µm and
φ = 50µm. The goal is to investigate how the particles move inside and
outside the foam. A total time of 1.5s has been simulated corresponding to
the time for the particle to travel through the channel at a constant speed
of 3m.s−1. The results are presented in Figures 17 and 18, respectively for
φ = 10µm and φ = 50µm particle diameters. The particle volume fractions
are illustrated at four different instants, t=0.85s, t=0.9s, t=0.95s and t=1s
for the two sets of particles, ”sticky” and ”rebound”. It can be seen that
the particles mainly stay inside the pores of the foam rather than moving
towards the tube wall and form a uniform deposition layer around the tube
wall. Also, more particles spread in the foam in the case where the particles
are allowed to bounce at the tube wall as for the ”sticky” particles, once the
particles reach the wall they are numerically removed from the system and
replaced by an equivalent mass of fluid. As the steady state simulation results
in Figure 9 show, the areas of high volume fraction of particles are larger for
the larger particles. Finally, more particles are visible at the rear of the tube
for the 10µm-size particles than for the larger particles, especially for t=0.9s
and t=1s (Figure 17), confirming the steady state simulations (Figures 9a
and 9b).
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(a) t=0.85s
”Sticky” ”Rebound”
(b) t=0.9s
”Sticky” ”Rebound”
(c) t=0.95s
”Sticky” ”Rebound”
(d) t=1s
”Sticky” ”Rebound”
Figure 17: Average volume fraction of particles at different timesteps for
both ”sticky” and ”rebound” 10µm-diameter particles at U∞ = 3m.s−1, flow
direction from left to right
(a) t=0.85s
”Sticky” ”Rebound”
(b) t=0.9s
”Sticky” ”Rebound”
(c) t=0.95s
”Sticky” ”Rebound”
(d) t=1s
”Sticky” ”Rebound”
Figure 18: Average volume fraction of particles at different timesteps for
both ”sticky” and ”rebound” 50µm-diameter particles at U∞ = 3m.s−1, flow
direction from left to right
3.9. Effect of the restitution coefficient
As specified above, the unsteady simulations were presented for ”sticky”
particles for which the parallel and perpendicular restitution coefficients were
set to 0 (perfectly elastic collision) and for ”rebound” particles for which the
20
perpendicular and parallel coefficients are respectively set to 0.7 and 1 [19].
In order to evaluate the influence of the restitution coefficients on the par-
ticles’ trajectories and likelohood of deposition, 3 perpendicular restitution
coefficients were simulated for 2 sizes of particles (10-µm and 50-µm). The
particles’ trajectories coloured with the particles’ velocity are presented in
Figure 19. Ambrosino et al. [23, 24] numerically demonstrated that the
particle sizes and the restitution coefficients are two key parameters in the
deposition mechanisms of particles on the walls and that the near-wall ac-
cumulation can be increased in curved geometries. In the present study, it
is also observed (in Figure 19) that for the smallest particles the restitution
coefficient slightly affect the particles’ re-entrainment after the tube in the
low-velocity region. In this case, the Stokes number is small and below 1 (0.6)
and thus the particles mainly follow the flow streamlines. With less rebound
(smaller restitution coefficient) associated with low velocities at the rear of
the tube, the risk of accumulation of particles is increased. Also, for larger
particles, the effect of the restitution coefficient is more pronounced at the
front of the tube. In this case, the Stokes number is increased above 1 and
thus the particles deviate from the main flow stramlines. Due to the direct
impaction of the particles at the front of the tube wall, a high restitution
coefficient sends back the particles much further away. Then the particles
are directly re-entrained in the main flow jet and do not necessarily re-enter
the foam. For lower restitution coefficients more particles are travelling back
inside the foam after the first impaction. Also for the larger particles with
a low restitution coefficient, the impaction velocity and rebound velocity are
reduced leading to an increased potential for particles accumulation.
3.10. Likelihood deposition matrix
As noted, the particles will not fill the foam volume in order. That is, it is
not necessarily correct to assume that the particles move from the interface
down to the tube wall to form a deposition layer on the solid surface and fill
the foam layer-by-layer as assumed by Odabaee et al. [12]. The assumption
made by Hooman et al. [15] that the ligaments are uniformly covered and
receive the same amount of deposition does not seem to hold at least in this
case where the flow velocity is not uniform through the foam. As such, in
order to more accurately estimate the likelihood of the particle deposition,
three indicators have been chosen and analysed:
• the volume fraction of particles which gives a clear indication of the
particles density in a particular region of the metal foam
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(a) 50-µm
”cperpendicular=1” ”cperpendicular=0.5” ”cperpendicular=0.2”
(b) 10-µm
”cperpendicular=1” ”cperpendicular=0.5” ”cperpendicular=0.2”
Figure 19: Particles tracking coloured with particles’velocity at t=1s for
different restitution coefficients for 50µm-diameter (a) and 10µm-diameter
particles (b) at U∞ = 3m.s−1, flow direction from left to right
• the particle velocity which indicates the likelihood of the particles to
rapidly flow through the foam and so not deposit if the velocity is high
• the particle travelling time which corresponds to the time that the
particle has spent in the foam. If this time is high, the particle has
been in the foam for a long time which will potentially indicate a higher
chance of deposition.
From these three indicators, a likelihood deposition matrix shown in Ta-
ble 5 for the highest volume fraction areas has been established between
t=0.85s and t=1s in the case of 10µm-diameter particles. The high volume
fraction zones have been identified in Figure 20 and have been distributed
in the likehood matrix according to the correspoding particle velocity and
travelling time in the identified region presented in Figure 21.
The results confirm that for the smaller particles, the deposition will most
likely occur inside the foam at the rear of the tube where the velocity is low
due to the recirculation region. Moreover, the front of the tube is a potential
region for deposition as it has a high volume fraction of particles with low
velocities. The most unlikely regions of deposition appear to be the half
way through the foam where the particle velocity is really high with short
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Table 5: Likelihood deposition matrix for the high volume fraction regions
in the case of 10µm-diameter particles between t=0.85s and t=1s
Mid-High Velocity Low Velocity
Long time Possible Very Likely
No Identified Zones Zones 6, 10, 11, 12, 26
Short time Unlikely Possible
Zones 3, 4, 5, 9, 14, Zones 1, 2, 7, 8, 13,
15, 16, 17, 18, 21, 19, 20
22, 23, 24, 25
(a) t=0.85s (b) t=0.9s
(c) t=0.95s (d) t=1s
Figure 20: Identified regions of high volume fraction of particles for
10µm-diameter particles at U∞ = 3m.s−1, flow direction from left to right
travelling time.
4. Conclusion
This paper presented two-dimensional numerical simulations of a single-
row foam-wrapped tube bundle. The particle size distribution effects were
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(a) Particle Velocity (b) Particle Travelling Time
Figure 21: Particle streamlines coloured by (a) the particle velocity and (b)
the particle travelling time in the foam at U∞ = 3m.s−1 for 10µm-diameter
particles, flow from left to right
presented and unsteady simulations were carried out.
This pioneering investigation clearly identified the preferential particle de-
position areas. It is shown that, regardless of the particle size, compared
to the rear side of the tube, the tube front (upstream) is more exposed to
particle deposition because of higher fluid velocity. The rear of the tube
(downstream) is subject to a large recirculation zone leading to some parti-
cles moving back to the foam. However, due to the weak backward velocity
and the low volume fraction of particles, deposition only occurs for the small-
est particles, less than 20µm-diameter.
The unsteady simulations have confirmed that smaller particles tend to de-
posit at the rear of the tube because of the recirculation; thereby leaving
that region as the most likely deposition site for small particles as the parti-
cle velocity is low, the particle travelling time is high and the small particles
have a higher density due to their re-entrainment through the recirculation.
Future plans are to develop new numerical models to obtain pore-scale results
(deposition on metallic ligaments) in order to more accurately model the par-
ticle deposition and re-entrainment process in metal foam heat exchangers.
Also, as recently mentioned by Guo et al. [25], the near-wall behaviour of the
particles and the particle-wall interactions are complex processes that require
the development of multi-scale sub-models based on collection criteria. The
future model will be developed accordingly.
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